Sections from a sediment core taken from the River Thames were analysed for butyl tin species using gas chromatography with species-specific isotope dilution mass spectrometry. Results demonstrated that in most samples tributyltin concentrations of 20 -60 ng/g accounted for <10% of the total butyl tin species present, which is in agreement with data from other sediment samples which were historically contaminated with tributyltin. Vertical distribution of the organotin residues with depth throughout the core, with data on organochlorine compounds and heavy metals allowed for the construction of a consistent hypothesis on historical deposition of contaminated sediments. From this it was possible to infer that the concentrations of tributyltin in sediments deposited during the early 1960s were in the order of 400 -600 μg/g by using degradation rate constants derived by other workers. Such values fall well within the range quoted for harbour sediments in the literature.
Introduction
During the past two decades, organotin compounds have been the focus of much research and concern, however, as late as 1983 the opinion that they were -unlikely to create a serious longterm pollution hazard‖ was still being expressed (Bennett, 1983) . Such conclusions were predominantly based on degradation studies, although it was recognised that problems remained in determining their fate in environmental samples (Blunden and Chapman, 1982) . These views were in conflict with evidence of environmental effects, which had already resulted in a partial, temporary, ban on the use of tributyltin (TBT) in antifoulants in France by January 1982 (Alzieu, 2000) . The French Temporary Ban, as it became known, resulted in a rapid return to oyster farming in affected areas, within 1 year spatfall was normal and over the next two years shell anomalies declined (Alzieu, 1991) . As the 1980s progressed, organtin compounds were implicated as causal agents for a range of effects on a number of marine organisms and restrictions on their use became more widespread, and have resulted in the recovery of populations of dog whelk (Evans et al., 1996) and reduction of impacts on oyster farming (Alzieu, 2000) . Elsewhere, bans on the use of TBT based antifoulants on vessels of <25 m in length resulted in decreases in concentrations of butyltin compounds in marinas and recreational estuaries Dowson et al., 1994) . However, in areas where larger vessels continue to use TBT based treatments the occurrence of imposex in molluscs remains a concern (Horiguchi et al., 2004) .
It was not until the 1950s that the use of organotin compounds (predominantly di and mono-alkyl compounds) had found significant industrial use, initially as stabilisers in the plastics industry (Bennett, 1983) . The use of TBT as a fungicide and biocide, in particular for use in antifouling paints, began in Europe between 1959 and 1961 (Clark et al., 1988) . Due to the organic groups conferring hydrophobic nature, organotin compounds demonstrate an affinity for particulate matter once they enter the environment. Between 57 and 95% of TBT in the water column was shown to partition to the solid phase in estuarine conditions (Randall and Weber, 1986) , although increases in salinity have been observed to reduce sorption to sediments (Unger et al., 1988) .
Once deposited in bed sediments, TBT demonstrates greater persistence than in surface material (Batley, 1996; Dowson et al., 1996) The fact that contamination of sediments by organotins may pose a threat to marine biota long after release of the substances has been noted and the study of degradation compounds in cores has been utilised to determine rates of transformation of the parent compound (Almeida et al., 2004) . As a result of their slow degradation, the possible presence of TBT residues in sediments needs to be taken into account when assessing sediment quality, and recent evaluations undertaken at Port Curtis, Australia, demonstrated that elevated concentrations of TBT in sediments and water may be of ecological concern due to uptake by biota (Jones et al., 2005) . The chronic toxicity of TBT to biota and the relationship between toxicity and bioaccumulation has been identified as a tool for predicting the toxicity of contaminated sediments (Bartlett et al., 2004 ) and the availability of sediment bound TBT to biota, as demonstrated by uptake and effects, is supported by other studies (Midorikawa et al., 2004; Ramaswamy et al., 2004) . Contamination with TBT may effect a range of organisms, and although effects on molluscs are well documented, corals have also been identified as being impacted by TBT (Smith et al., 2003) indicating that understanding the fate and behavior of residues of TBT is likely to be significant in protecting a wide range of ecosystems.
Residues of TBT in sediments, therefore, continue to present a potential hazard to biota and indications that their longevity may be greater than previously thought, with half lives of up to 87 years in cold, deep sediments (Viglino et al., 2004) , would imply that the risk of exposure will remain for some time after their use is phased out. The objective of this work was to utilize a recently developed and well validated analytical technique on a set of samples taken from a sediment core retrieved from the River Thames in 1994. It was anticipated that this would give some insights into the historical deposition of butyltins in the bed sediments and allow for a greater understanding of the long term persistence of residues. Such information is likely to be of use in areas where contaminated bed sediments may be re-worked by storm events or anthropogenic activity.
Materials and methods.
The collection of the core used for this study and the dating of the core material has been described in detail (Scrimshaw and Lester, 1997; Wiese et al., 1997) , with the samples analyzed here taken from core 1. The sampling location (Fig. 1) , the old Tilbury basin was constructed in 1880 in the lower-mid part of the Thames estuary, a zone of high-turbidity with intermediate salinities of 11-15 practical salinity units (psu) (Harino et al., 2003) . Initially, the basin was built to provide access to the main docks, but this function ceased when a new lock entrance was constructed in 1929. The data on soundings within the Basin were collected from the Port of London Authority Hydrographic Department at Gravesend and frequent dredging operations took place after monthly soundings, but no record of the depth to which the Basin was actually dredged exist. The data consisted of charts of soundings surveys for the Tidal Basin and abstracts from the following years : 1916, 1944 and 1965-93 were taken, with 1916 and 1944 selected to give a historical perspective and 1965 onwards to allow an evaluation of changes since dredging ceased.
To assess deposition rates, 9 sounding points on a 17 m by 4 m grid were selected close to the location of core 7. Sounding depths were found for each point on the grid from each sounding survey or by interpolation where necessary. These were converted to elevations above OD with the construction depth of 9.5 m below ordnance datum (OD) (Greeves, 1980) frequency and are a result of its location on the inside of a bend in the river subject to slack heavily silted water (Broodbank 1921) .
Organotin speciation in surface and sub-surface sediments
Stored, frozen samples were air-dried and ground prior to extraction and in addition to the sediment samples from the Tilbury core, several sub-samples of a certified reference sediment (PACS-2) were also analysed. Polycarbonate chips from the core liner material and extraction blanks were also taken through the analytical procedure.
The analytical method used for extraction, derivatisation and quantification has been described in detail elsewhere (Wahlen and Wolff-Briche, 2003) . Samples of approximately 1.6 g dry weight were weighed into 11 ml accelerated solvent extraction (ASE) cells fitted with PTFE liners and filled with a diatomaceous dispersing agent. The sample was mixed with the dispersing agent and spiked with 100µl of the isotopically labeled 117 Sn DBT and TBT analogues. The samples were then extracted by ASE and extracts derivatised using sodiumtetraethylborate (STEB). A 1M sodium acetate buffer was prepared to adjust the extracts to pH 4.5 -5.0. A volume of 5 ml of the sample extracts was added to 5 mL of the buffer solution and 2 ml of hexane and 1 ml of 2% STEB in amber screw-capped glass vials. The mixture was shaken manually for 10 minutes and the organic and aqueous phases were allowed to separate. The hexane layer was then transferred into a GC autosampler vial for analysis. The hexane fractions were stored in the fridge at 4°C if they could not be analyzed immediately. Quantification was by GC-ICP-MS, with the instrumental detection limits based on 3 times the standard deviation of the blank signal (3 ) for each analyte were estimated as 0.25 ng/g for MBT, 0.03 ng/g for DBT and 0.03 ng/g for TBT (all as Sn). Using typical sample weights and dilution factors the corresponding method detection limits obtained were 6.1 ng/g for MBT, 0.7 ng/g for DBT and 0.8 ng/g for TBT (all as Sn).
Quantification for the CRM, PACS-2, for DBT and TBT compared well with the certified values of 1090 ± 150 ng/g and 980 ± 130 ng/g as Sn respectively (Table 1 ). These two compounds were quantified using species-specific isotope dilution analysis (SS-IDMS) and the IDMS approach used has been tested with good results in a number of international inter-comparison studies with other expert laboratories (Sturgeon and Wahlen, 2002; Sturgeon et al., 2003) . The method has not been tested for the determination of MBT and the certified value (450 ng/g ± 50 ng/g as Sn) for this reference sediment has been shown to be debatable by a number of independent publications (Chiron et al., 2000; Rodriguez-Gonzalez et al., 2003) . The actual MBT content appears to be closer to 600 ng/g although this compound has not yet been re-certified. The MBT recovery compared to the certified value was low (52%) and compared to the value quoted in the literature a mean recovery of ~40% was obtained for this compound. Based on this data a recovery correction factor of 2.5 for MBT was used for data reported in this work, and results obtained for DBT and TBT by SS-IDMS were not corrected for recoveries.
Results and Discussion
Results are presented as concentrations of butyltin species as ng (as Sn)/g dry weight of sediment with core depths related to OD used to give a baseline from where sediment deposition began.
The sediment surface at the point the core was extracted from was at -0.53m relative to OD and exposed at low tide. Butyltin species were detected throughout the sediment core, with the exception of two samples at the base, which consisted of clay (974-984 and 1013-1023) rather than more geologically recent sediment (Table 2 ). In most samples tributyltin (TBT) accounted for <10% of the total butyltin present, in contrast to other work which has reported TBT accounting for approximately 50% of the total in sediments from the river Thames (Harino et al., 2003) . Although the TBT concentrations reported by Harino et al. (2003) , of 11 ng/g as Sn at
Tilbury agree relatively well with TBT concentrations in this work, the difference in percentage contribution to the total is because both mono and dibutyl tin concentrations reported here are significantly (10 to 20 times) greater. However, Harino et al. (2003) sampled surficial sediments, and not core samples which were used in this study which began at a depth 15 cm below the sediment surface, and continued down to below 10 m. When comparison is made with data from other sediment cores, then the relative proportions of mono-and dibutyl tin have been observed to increase in a similar manner, with samples dating back to 1977 having as little as 10% of total butyltin as TBT (Sarradin et al., 1995) , as observed in this work ( Table 2) .
The relationship between depth of sediment samples in the Tilbury core and date has previously been elucidated from soundings data and also the changes in sewage effluent quality associated with the commissioning of secondary wastewater treatment plants at Beckton and Crossness during the 1960s. This resulted in improvements in river water quality and a reduction in concentrations of contaminants associated with the sediments (Scrimshaw and Lester, 1997; Wiese et al., 1997) . This is illustrated in Fig. 2 , where the concentration of total butyltin species is compared to that of polychlorinated biphenyls.
Radiometric dating techniques, using 210 Po activity, have been used to determine sedimentation rates in environments such as saltmarsh sediments (Cundy and Croudace, 1995) , however, at sites impacted by anthropogenic activity, the use of models and reference to supporting data from records of artificial fallout radionuclides ( 137 Cs or 241 Am) are required to calculate chronology (Appleby, 2000) . Therefore, due to the known activities at the site, and evidence of re-working from depth changes between 1976 and 1980 (Fig. 2) , the use of such techniques on the cores from Tilbury were deemed inappropriate. Dating of the core was undertaken by studying dredging records, and a number of inferences could be drawn from the soundings charts studied. In 1916 the Basin was dredged to depths of -9.0m to -10.5m (all depths are relative to OD). 1985 (de Mora, 1996 . Because no record was kept of the depth to which the Basin was actually dredged, and that more recent dredging may have extended to greater depths than previous dredges, it has only been possible to conclude that material deposited above -5.3m dates from post January 1966, and that material below this depth must pre-date that. However, with the additional information on TBT concentrations, and the knowledge that the use of trialkyl compounds did not come into use as anti-foulants in Europe until 1959 -1961 (Clark et al., 1988 , the presence of butyltin species, including tributyl tin residues, in the sediments would imply that deposition of material between -9.5 m and -5.3 m occurred after 1959 and ended with the dredging event of January 1965.
Inputs of PCB (and organochlorine compounds and heavy metals) to the sediments were relatively constant before 1966 (Fig. 2) and the most probable source of these compounds has been identified as the sewage treatment works (STW) at Beckton and Crossness (Scrimshaw and Lester, 1997; Wiese et al., 1997) . It had been assumed that a single event of rapid accretion had possibly occurred at depths below -5.3 m OD. The data for organotin compounds does not, however, support this interpretation of a single event of rapid accretion at depths below -5.3 m OD. Had all this sediment been deposited over a short time (a matter of months), then concentrations with depth, relating to temporal inputs over a short time, would be expected to show little variation as would the relative proportions of degradation products. It is apparent from Fig. 3 that the proportion of degradation products (DBT and MBT) relative to the parent tributyl compound is not constant in the section of the core deeper than -5.3 m, although the clear difference in proportions present above and below -5.3 m would support the hypothesis that sediments in these two sections of the core were deposited at different times as a result of dredging activities. However, total organotin concentration was observed to increase in samples from between approx. -9.5 m OD to -5.3 m OD (Fig. 2) , which may reflect the increase in use of TBT, most probably as an antifoulant, from 1959/1961 to the mid 1960s. It is unlikely that the STW were a major source of butyltin compounds, as it would be expected that introduction of secondary treatment would have resulted in a significant decrease in inputs similar to that observed for organochlorine compounds (Fent and Muller, 1991; Fent, 1996) .
Rate constants for the degradation of TBT have been calculated by a number of workers, and a value of k=0.35 / year would be a reasonable estimate for residues in anaerobic sediments Sarradin et al., 1995) . the range of concentrations (10 to 10,000 μg/g) reported as being observed in harbour sediments (Hoch, 2001) .
It is apparent that residues of butyltin species remain at depth in the sediments over 30 years after deposition, which reflects the long half lives of these compounds in anaerobic conditions. Their presence in sediments may in itself not be an immediate problem, however, if material is disturbed it may result in subsequent desorption of bound contaminants to the water column where they will be more readily bioavailable (Batley, 1996) . The binding of organotin species to sediments has been demonstrated to be a reversible process involving particulate organic matter in the sediments and desorption occurs readily. As a consequence, disturbance of contaminated sediments is likely to result in an increase in organotin concentrations in the water column, although if undisturbed contaminated sediments are unlikely to be an input source (Berg et al., 2001) . However, laboratory studies have indicated that sediment bound TBT may not be as available as new inputs and that the development of pollution induced community tolerance may result from long-term exposure to contaminated sediments (Dahllof et al., 2001 ).
In the longer term, reworking of sediment bound TBT may become a more significant source of (Voulvoulis et al., 2000; Thomas et al., 2001 ) although a comparative assessment of environmental effects of the replacement compounds in relation to TBT indicated that they would be less harmful (Voulvoulis et al., 2002) .
The presence, fate and long-term behavior of TBT and other butyltin compounds in sediments is an issue of concern worldwide (Bhosle et al., 2004; Sudaryanto et al., 2004) with occurrence of imposex continuing to be reported (Fernandez et al., 2005) . The importance of generating further data on TBT for use in developing models for understanding the mass balance of priority contaminants within water bodies of has recently been highlighted by studies focused on the Great
Lakes (Booty et al., 2005) and field based data such as presented in this work should compliment laboratory based studies where factors influencing the sorption and desorption of TBT continue to be evaluated (Burton et al., 2004) .
Conclusions
It is possible to construct a hypothesis for the historical deposition of TBT contaminated sediment at Tilbury which is consistent with the interpretation of data obtained for organochlorine compounds ate metallic elements. In fact, the results of analysis for TBT indicate some stratification is present in the section of the core at depths below -5.3 m which was not apparent before.
Use of the degradation rate constant (k) of 0.35 / year as derived by other workers would indicate that historical contamination with TBT was in the order of 430 -600 μg/g, which is within reported ranges for TBT concentrations in other harbor sediments.
These findings are demonstrate that TBT residues persist in anaerobic sediments for a significant period and other data indicates that remobilization may introduce bioavailable inputs of TBT to the environment which may become relatively more significant as the ban on TBT use comes into effect. 
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